A gene specifying tyrosine transfer RNA has been purified and transcribed in vitro. The purification procedure made use of two specialized transducing phages carrying the tRNATYr gene of Escherichia coli inserted into their DNA in opposite orientations. The separated heavy strands of the two phages were annealed and the single-stranded tails of the resulting hybrid were removed by digestion with Neurospora endonuclease. The size of the purified double-stranded structures was determined by electron microscopy. These isolated duplexes served as template for the in vitro transcription of tRNATYr-like molecules.
Recently there have been many attempts to purify DNA that contains individual genes. Several techniques have been used for this purpose. In a limited number of cases where the base composition of the gene to be isolated differed considerably from that of the bulk DNA, it could be enriched by shearing the DNA molecules to an appropriate size. The fragments of interest were then isolated by density gradient centrifugation (1, 2) or hydroxylapatite column chromatography (3) . More commonly, genes have been purified by hybridizing denatured DNA fragments with the specific RNA product of the gene in question. This technique of DNA-RNA hybridization has been used to enrich for ribosomal RNA (4, 5) and transfer RNA (6) cistrons. In these studies, however, DNA was fragmented by a random process of mechanical shearing. As a result, the desired gene might have been fragmented as well. In other cases, specific nucleases were used to remove nonhybridized, single-stranded DNA, a well as single-stranded DNA ends from the DNA-RNA hybrid (7) (8) (9) . However, since the initiation and regulation sites of the isolated genes were not protected by hybridization with RNA, they were subjected to digestion during the nuclease treatment. Transducing phages carrying bacterial genes inserted in their DNA in opposite orientations have been used to isolate a gene with its promotor-operator region extant; for example, Shapiro et al. (10) hybridized the isolated heavy DNA strands from two transducing phages carrying the lac operon of Escherichia coli. Subsequent removal of nonhybridized DNA regions by endonuclease treatment yielded a duplex DNA fragment which was, presumably, the lac operon. However, the identity of the isolated fragment was not established unequivocally. In the present report, two 480psu3+ phages carrying the E. coli structural gene for tyrosine-specific transfer RNA (11, 12) (20) . The enzyme p)reparation was then subjected to low salt glycerol gradient centrifugation (21) and the core enzyme was separated from the a subunit by phosphocellulose chromatography (22 The mixtures were incubated at 68°C for 120 min, diluted with 2 ml of 2 X SSC, loaded on nitrocellulose filters (Schleicher and Schuell B6, 27 mm), and washed with 50 ml of 2 X SSC on each side. The filters were treated with pancreatic RNase (25 ,ug/ml in 2 X SSC) for 60 min at room temperature, washed again with 50 ml of 2 X SSC on each side, dried, and counted. [19) . Alkali-denatured DNA interacted with poly(U,G) (1:3, obtained from Schwartz BioResearch, Inc.) and the DNA strands were separated by equilibrium centrifugation in a CsCl density gradient. The solution was adjusted to a density of 1.75 g/ml and centrifuged for 48 hr at 40,000 rpm and 5°C in a type 50 fixed-angle rotor of a Spinco model-L centrifuge. Four drops were collected per fraction and the A260 was measured. The main fractions of each band representing the separated heavy (H) and light (L) strands (shaded areas) were pooled and digested in 0.3 N NaOH for 18 hrs at 37°C. Each mixture was then neutralized and exhaustively dialyzed against 0.01 M Tris HC (pH 7.5)-i mM EDTA.
J\I EDTA-0.01% cytochrome c. Spreading was the procedure of Kleinschmidt et al. (23) , with hypophase of 0.25 M KCl containing 4% formaldehyde. Carbon-coated grids were stained with 10MuM uranyl acetate in ethanol (24) . Pictures were taken with a JEM 7 electron microscope at a magnification of 7,000-13,000. The lengths of the DNA molecules were determined from 3-fold enlarged prints with a map measurer. With heteroduplex preparations, only the double-stranded regions were measured. It should be noted that we did not observe any aggregation of the duplex DNA after treatment with Neurospora endonuclease. RESULTS Separation of the DNA strands of 80psu3 +(O) and 08OPSU3 +' -(S) The complementary strands of the two 480psu3+ phage DNAs were separated and purified in a CsCl gradient ( Fig. la and b) . The main fractions of each band (shaded areas) were pooled separately and then hybridized with 32P-labeled E. coli tRNA. In this way, the transcribed strand of each of the phag D NAs was identified (Table 1 ). In the case of 480psug+(O), the tRNATYr chains are transcribed from the light strand (also refs. 14, 25) , while in the case of 080psu3+'(S) DNA there is an inversion of the E. coli DNA fragment carrying the su3 gene (26) and transcription of the tRNATyrchains takes place on the heavy strand. Under the electron microscope, the isolated light strands of both phage DNAs appeared intact, while the heavy strands appeared fragmented. The reason for the preferential fragmentation of one of the strands is not known. In CsCl density gradients, the heavy-strand peaks of both phage DNAs were repeatedly observed to be smaller than those of the eight strands (Fig. 1) . It may be that pieces of heavy strand with lower buoyant density sediment at the same position on the gradient as does the light strand. If so, the light strand may Purification of a tRNA Gene 2269 with Neurospora endoform some double-stranded regions by hybridizing with the heavy-strand pieces. That this is indeed the case is suggested by the partial resistance of the light strand to digestion by Neurospora endonuclease specific for single-stranded DNA. Table 2 demonstrates that in the presence of 0.3 M NaCl, 37% of the light strand remains resistant to endonuclease digestion after incubation for 120 min at 70°C. On the other hand, only 10% of the heavy strand remains acid-insoluble when incubated with the Neorospora enzyme. When these experiments were repeated under conditions more favorable for endonuclease digestion, i.e. in 0.1 M NaCl, 30% of the light-strand radioactivity was still acid-precipitable, while over 99% of the heavy-strand radioactivity was rendered acid soluble*. In a control experiment where heavy strands were annealed to light strands and then incubated with the enzyme, no degradation was observed. The small pieces of heavy-strand DNA contaminating the light-strand preparations seem to be derived from the 080 phage DNA and not from the transduced E. coli DNA fragments. This is suggested by the lack of hybridization of tRNATYr with the 080psu3+'-(S) light-strand DNA (Table 1) . These studies were complemented by electron microscopic observations. A considerable number of single-stranded molecules (ss) with double-stranded regions (ds) were observed in a preparation of self-annealed light strands (Plate la). When this preparation was treated with Neurospora endonuclease, the double-stranded structures remained, showing that they were true duplexes. Heteroduplexes formed by annealing the light strands of 080psua+'-(S) and 480psu3+-(O)DNAs were also visualized. An increase in the amount of double-stranded structures was indeed observed in this preparation (Plate lb); however, it was impossible to differentiate between duplexes resulting from hybridization of the E. coli DNA complementary regions and the double-stranded structures already existing in each of the isolated light strands.
With preparations of purified heavy-strand DNA, the amount of double-stranded structures seen after self-annealing The same heteroduplex preparation as in (a) after digestion with Neurospora endonuclease. Conditions for annealing described in Methods. X 27,000.
was low (less than 8% of the total number of the molecules counted). From these studies, it was concluded that the isolated heavy strands of both phage mutants constitute suitable material for the isolation of the E. coli DNA fragment containing the SU3 gene. (26), for a heteroduplex formed between two other transducing 480 phages carrying the SU3 gene. In order to isolate the pure E. coli fragment containing the SU3 gene, the single-stranded tails of the heavy-strand heteroduplex were digested with Neurospora endonuclease. Electron microscopic examination of the digest revealed a pure population of short, duplex molecules (Plate 2b). The size of the endonuclease-resistant duplex molecules was close to that of the double-stranded region of the heteroduplex before endonuclease treatment (Fig.  2) . The mean length of the duplex shifted to a value of about 0.79 Mum (1.5 X 106 daltons) with a mode of about 0. (11) . However, DNA-RNA hybridization experiments show that these phage DNAs are saturated with tRNATYr at a level of only about 1.0 and 0.5 molecules per genome, respectively (unpublished results). These saturation concentrations are 50% lower than would be expected from genetic criteria, and confirm previous observations by Russell et al. (12) . In any event, both in hybridization and transcription studies, we constantly observed the su3 gene dosage to be at a ratio of 2: 1 for 480pSU3+'-(S), as compared to 080psu3+ (0) phage DNA. As a consequence of this difference, one should expect to find within the duplex structure short, single-stranded loops. Such loops were visualized under the electron microscope by Miller et al. (26) in a similar heteroduplex structure by mounting the DNA in the presence of formamide. The aqueous mounting method used in our studies for the visualization of DNA did not allow us to determine with certainty the presence of such loops. However, the formation of such single-stranded regions could also result from noncomplementarity in other regions of the E. coli DNA fragment. Indeed, the two 080psu3+ phages used by us were obtained through independent recombination processes; thus their transduced E. coli DNA segments need not be identical.
The method of gene isolation used in this study is based on complementary DNA-DNA hybridization, followed by endonuclease digestion. It has the advantage that an entire unit of transcription containing its regulatory sites is isolated. However, introduction of nicks by endonuclease in some of the isolated genes cannot be ruled out. Proof that the doublestranded DNA fragment isolated from the heteroduplex indeed contained the SU3 gene was obtained from transcription experiments. In these experiments 25-80% of the synthesized RNA chains were tRNATYr-like. 
